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STUDIES OF LAND SUBSIDENCE

LAND SUBSIDENCE DUE TO GROUND-WATER WITHDRAWAL
IN THE LOS BANOS-KETTLEMAN CITY AREA, CALIFORNIA,
PART 3. INTERRELATIONS OF WATER-LEVEL CHANGE,
CHANGE IN AQUIFER-SYSTEM THICKNESS, AND SUBSIDENCE

By WiLLiam B. BuLL and JosepH F. PoLaND

ABSTRACT

By increasing the stresses tending to compact the deposits by as
much as 50 percent, man has created the world’s largest area of
intense land subsidence in the west-central San Joaquin Valley, Calif.
As of 1966, more than 2,000 square miles had subsided more than 1
foot, and the area that had subsided more than 10 feet was 70 miles
long. Maximum subsidence was 26 feet.

The increase in stress caused by pumping of ground water can be
expressed in feet of water. A seepage stress of 1 foot of water occurs for
each foot of head differential resulting from either artesian-head
change or change in water-table position. Stress increase resulting
directly from artesian-head decline has caused most of the compaction
and subsidence. Each foot of water-table change also causes a 0.6-foot
stress change because of removal or addition of buoyant support of the
deposits within the interval of water-table change and a 0.2-foot stress
change because of part of the pore water being changed from a
neutral-stress condition to an effective-stress condition, or vice versa.
The effect of water-table change is to alter the grain-to-grain stress in
the unconfined aquifer by +0.8 foot of water per foot of water-table
change. The effect of water-table change on stress in the deeper
confined zones is to alter the stress by only +0.2 foot of water because
the seepage-stress change more than offsets the sum of the two other
stress changes.

Changes in aquifer-system thickness may be both elastic (are re-
versible and occur with minor time delay) and inelastic (are irreversi-
ble and occur with large time delay). As of 1966 excess pore pressures
existed in many of the aquitards and net aquifer-system expansion
occurred briefly or not at all, but elastic changes did affect the monthly
amounts of measured compaction. Compaction rates were maximal
during times of head decline because elastic compaction is additive
with virgin compaction, and compaction rates were minimal during
times of head rise because expansion is subtractive from virgin com-
paction. In the study area, the elastic component of seasonal compac-
tion varies from less than 5 to about 90 percent. The percentage
depends not only on the lithology and permeability of the deposits, but
also on the magnitude and rate of increase of present applied stress as
compared with past effective stress maximums and durations.

Three concurrent processes are tending to change aquifer-system
thickness during times of applied-stress decrease—elastic expansion
with no measurable time delay (presumably chiefly of the aquifers),
delayed elastic expansion (presumably chiefly of the thin aquitards
and the outer parts of the thick aquitards), and virgin compaction
(presumably of the thick aquitards and aquicludes). Compaction due
to decay of excess pore pressures may still occur in thick clay beds

after 60 feet of head recovery in adjacent aquifers, but only 1 foot of
head recovery may be needed to reverse the trend from recorded
compaction to recorded net expansion, even when water levels are
near historic lows. The approximate modulus of expansion (net
specific unit expansion) of the upper-zone aquifer system at the
Lemoore and Yearout sites is about 3.5 x 10-8ft™! (foot per foot of
aquifer-system thickness per foot of decrease in applied stress). Dur-
ing a period of seasonal head recovery at the Lemoore site, the net
specific unit expansion varied from 0.6 to 3.6 X 10-8ft! as the rates of
residual compaction and nondelayed and delayed expansion varied
concurrently with changes in the magnitude and rate of applied-stress
decrease.

" Little time is needed to raise pore pressures in many of the
aquitards. Compaction ceases when aquifer pore pressures rise to
equilibrium with the maximum pore pressure in a contiguous
aquitard, thus preventing further expulsion of water. Further pore-
pressure increases in the aquifers are transmitted fairly rapidly into
the aquitards because their specific storage in the elastic range is
small.

The prediction of subsidence is largely empirical, and reasonable
predictions can be made only if the rates and magnitudes of future
applied-stress changes can be predicted accurately. The time-
dependent nature of the pore-pressure decay in the aquitards and
aquicludes greatly complicates estimates of compaction for
heterogeneous aquifer systems.

Most of the subsidence since 1960 has been the result of prior
applied-stress increases. In many of the thick beds of low permeabil-
ity, the applied stress has not yet become effective because of
insufficient time for pore pressures in the aquicludes and aquitards to
reach equilibrium with the head in the aquifers. Determination of the
rates and changes of rates of residual compaction is important in the
prediction of subsidence.

The rate of decrease of aquitard-aquifer pore-pressure differentials
can be evaluated at some sites through study of change of mean daily
compaction rates for selected applied stress levels. In the
703-2,000-foot depth interval at the Cantua site, the relation between
mean daily compaction rate (y) and time (x) for the 1961-67 period is

¥=0.0028¢ 0-096x

Because increase in applied stress was negligible from 1961 to 1967,
the decrease in the post-1961 rate of daily compaction can be used to
estimate future residual compaction. A 10-percent decrease in re-
sidual compaction rate had occurred as of mid-1962 and 45 percent as
of 1968, and a 90-percent decrease is predicted by about 1986, assum-
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ing a hydrologic environment similar to that of the 196167 period.
Exponents of similar equations for other eompaction-recorder sites
indicate that the rate of pore-pressure decay is twice as rapid in the
northern as in the southern part of the study area.

Importation of surface water has resulted in alleviation of subsi-
dence in the Delta-Mendota Canal service area and in the vicinity of
Stratford and Lemoore. Deliveries of water from the San Luis Canal
section of the California Aqueduct should result in widespread allevi-
ation of subsidence.

INTRODUCTION

By increasing the stress tending to compact the un-
consolidated deposits by as much as 50 percent, man has
created the world’s largest area of intense land subsid-
ence in the west-central San Joaquin Valley. With-
drawal of ground water for agriculture has caused more
than 2,000 square miles to subside more than 1 foot. As
of 1966, the area that had subsided more than 10 feet
was 70 miles long and included 500 square miles; max-
imum subsidence was 26 feet.

Water-level changes in the aquifer systems have in-
creased the applied stresses and have caused acceler-
ated compaction of the deposits. Detailed knowledge of
the interrelations of water-level change, change in
aquifer-system thickness, and the concurrent changes
in the altitude of the land surface is necessary for a
better understanding of the mechanics of aquifer sys-
tems and the compaction of sediments, as well as for the
development of criteria in predicting future land
subsidence.

This paper is the third of three reports discussing land
subsidence due to ground-water withdrawal in the Los
Banos-Kettleman City area, California. Part 1 (Bull
and Miller, 1974) is a factual presentation of the hy-
drologic factors conducive to land subsidence in the
study area. Part 2 (Bull, 1974) contains basic data and
interpretation about the land subsidence and compac-
tion that have been measured in the area and discusses
geologic factors influencing the amounts, rates, and dis-
tribution of compaction.

The introduction to all three parts, in Part 1 (Bull and
Miller, 1974), includes descriptions of the geographic
setting of the study area, the formation and objectives of
the Inter-Agency Committee on Land Subsidence, the
scope of the field and laboratory work for the coopera-
tive and federal subsidence programs, and brief sum-
maries about land subsidence and compaction. For a
summary of the hydrologic environment, and the man-
induced changes in the hydrologic environment, the
reader is referred to the summary and conclusions of
Part 1 (Bull and Miller, 1974). The principal areas of
land subsidence due to ground-water withdrawal in
California and the topographic and cultural features of
the Los Banos-Kettleman City subsidence area are
shown in figures 1 and 2 of Part 1 (Bull and Miller,
1974).

STUDIES OF LAND SUBSIDENCE

The boundaries of the Los Banos-Kettleman City
study area, bench marks, observation wells, compaction
recorders, core holes, and lines of section referred to in
this report are shown in figure 1. The northeastern
boundary as shown in figure 1 is along the valley
trough, but as of 1966, as much as 8 feet of subsidence
had occurred east of the valley trough. Therefore, in
much of the study, the 1-foot subsidence line of 1920-28
to 1966 (Pt. 2, Bull, 1974, fig. 9) was used as the east
boundary of the subsidence area.

PURPOSES OF REPORT

The overall purpose of Part 3 is to relate water-level
changes to changes in thickness of the aquifer-system
skeleton in the west-central San Joaquin Valley. This
goal consists of three purposes. The first is to review how
grain-to-grain stresses are changed by water-level
changes. The analysis of stresses has been discussed by -
Lofgren (1968), but a modified method of applied-stress
computation is used in this study. The second purpose is
to show the effects of change in applied stress on
aquifer-system thickness. Three components of change
in aquifer-system thickness are discussed. The third
purpose is to provide criteria for predicting future sub-
sidence in the study area and to assess the reliability of
the possible ways of predicting future subsidence.

The bulk of the information presented in this paper
concerns events that occurred before April 1966, which
was the time of a complete survey of the bench-mark
network by the U.S. Coast and Geodetic Survey (now
National Geodetic Survey of the National Ocean Sur-
vey, National Oceanic and Atmospheric Administra-
tion). Post-March 1966 data are presented and dis-
cussed only to present facts or concepts that cannot be
demonstrated with the earlier data.

DEFINITION OF TERMS

The geologic and engineering literature contains a
variety of terms that have been used to describe the
processes and environmental conditions involved in the
mechanics of stressed aquifer systems and of land sub-
sidence due to withdrawal of subsurface fluids. The
usage of certain of these terms in reports by the U.S.
Geological Survey research staff investigating
mechanics of aquifer systems and land subsidence is
defined and explained in a glossary published sepa-
rately (Poland and others, 1972). Several terms that
have developed as a result of the Survey’s investiga-
tions are also defined in that glossary.

The aquifer systems that have compacted sufficiently
to produce significant subsidence in California and
elsewhere are composed of unconsolidated to semicon-
solidated clastic sediments. The definitions given in the
published glossary are directed toward this type of sed-
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iments; they do not attempt to span the full range of contribution of membrane effects due to salinity or elec-
rock types that contain and yield ground water. In trical gradients has been discounted as relatively
insignificant in the areas studied.

defining the components of the compacting stresses, the
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In our research reports, pressures or stresses causing
compaction are usually expressed in equivalent “feet of
water head” (1 ft of water = 0.433 1b in~2 (pounds per
square inch)).

A committee on redefinition of ground-water terms,
composed of members of the Geological Survey, recently
issued a report entitled “Definitions of Selected
Ground-Water Terms” (Lohman and others, 1972). The
reader is referred to that report for definitions of many
ground-water terms.
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ANALYSIS OF STRESS CHANGES TENDING TO
CAUSE COMPACTION

Compaction is caused by the grain-to-grain load
which results from all the stress-producing factors in
the overlying stratigraphic section. In the Los Banos
~Kettleman City area, and elsewhere, stress changes
caused by man’s changes of the hydrologic environment
are superimposed on the prior natural stresses tending
to compact the deposits. The ratio of manmade to
natural applied stress varies considerably with geo-
graphic area and with depth, but can be large. For
example, the applied stress at the 600-foot depth at the
Cantua recorder site was increased from about 330 to
about 500 lb in—2 as the result of 400 feet of artesian-

STUDIES OF LAND SUBSIDENCE

head decline. About 52 percent increase in applied
stress has occurred as a result of man’s change in the
hydrologic environment at the 600-foot depth. How-
ever, at the 200-foot depth at the same site, no change in
applied stress has occurred. The 200-foot depth is about
10 feet below the water table, which has not changed
position substantially at the site during the past 60
years.

Water-level changes in both the confined and
unconfined parts of the aquifer systems cause changes
in applied stress and thereby alter the preexisting
stress distribution within each sedimentary bed. Ap-
plied stresses become effective stresses only as rapidly
as water can be expelled from a given bed.

A stress that does not tend to cause compaction is the
hydrostatic (neutral) stress, which is equal to the depth
below the water surface times the unit weight of water,
and is transmitted downward through the water be-
tween the grains. The hydrostatic stress is considered
neutral because, although it tends to compress each
grain, it does not tend to change the grain-to-grain
relationships significantly.

The basic theory used by the Geological Survey re-
garding the stresses produced by water-level change
within an aquifer system has been discussed by Lofgren
(1968, 1969) and Poland (Poland and Davis, 1969). The
theory is summarized briefly in this paper, first, to pro-
vide the reader necessary background before applying
the theoretical concepts to the actual mechanics of
aquifer systems, and second, because a different ap-
proach from that described by Lofgren will be used in
computing the changes in stress that result from
water-table change.

STRESS CHANGE DUE TO CHANGE IN SEEPAGE FORCES

A major contribution to the theory of mechanics of
aquifers was made by Lofgren by the application of the
seepage-stress concept (Taylor, 1948; Scott, 1963) to the
distribution of stresses in a compacting aquifer system
(Lofgren, 1968; Lofgren and Klausing, 1969). Although
several methods can be used to obtain the same results
(Taylor, 1948, p. 203; Poland and Davis, 1969), the
seepage-force concept provides the most logical
dynamic explanation of how changes in confined and
unconfined water levels affect stress relations in porous
media.

Seepage forces are developed by the establishment of
a hydraulic gradient across an aquiclude or aquitard.
The hydraulic gradient may be caused by either water-
table or artesian-head change and may induce flow
either upward or downward across the bed responsible
for the head differential. Flow through the bed is ac-
companied by dissipation of the hydraulic head. The
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seepage force corresponding to this loss of hydraulic
head is transferred to the granular skeleton and is ex-
erted in the direction of the overall route of flow. Lof-
gren and Klausing (1969, p. B67) stated,

Within an aquiclude compacting under the stress of downward seep-
age, the hydraulic gradient and therefore the seepage force per unit
thickness vary from a minimum at the upper surface to a maximum at
the lower surface until steady-state conditions are reached. ***. Al-
though the distribution of these forces within the aquiclude may be
indeterminate, the total seepage force accumulated through the
aquiclude is equal to the total head differential across it.

The large artesian-head decline that has occurred in
the Los Banos-Kettleman City area has produced seep-
age forces within the upper confining bed that have
tended to cause changes in effective stress in all under-
lying beds within the depth interval of artesian-head
decline. Because seepage stresses are equal (assuming
no water-table change) to the changes in artesian head,
it is convenient to express the seepage stresses in units
of feet of water (1 ft of water equals 0.433 1b in~2). If the
other factors tending to change the applied stress in the
aquifer system also are expressed in feet of water, then
the various components tending to change the stress
condition at a given point in the aquifer system can be
added algebraically to obtain the net change in applied
stress.

STRESS CHANGE DUE TO FLUCTUATION
OF THE WATER TABLE

Water-table fluctuations will be discussed mainly as
an influence on stress changes within the lower zone
(confined aquifer system)—the zone in which most of
the manmade compaction in the study area has oc-
curred. Changes in the position of the water table affect
the applied stress on the lower zone in three ways: by
changing the head differential and therefore the seep-
age stresses across the confining clays; by removing or
supplying buoyant support of the grains within the
depth interval affected by water-table change, depend-
ing on whether the water table declines or rises; and by
eliminating or developing water of specific retention as
the deposits become saturated or unsaturated.

Water-table rise tends to increase the seepage stress
on the lower-zone deposits, each foot of water-table rise
being equivalent to 1 foot of (water) increase in applied
stress on the lower zone. Thus, water-table rise has the
same effect on the seepage stress as an equivalent de-
cline in lower-zone artesian head. However, as will be
shown later, the tendency toward increase of seepage
stress as a result of water-table rise is largely offset by
the two other components of stress resulting from
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water-table rise is largely offset by the two other com-
ponents of stress resulting from water-table rise.

Conversely, water-table decline tends to decrease the
seepage stress on the lower zone, with each foot of
water-table decline tending to decrease the applied
stress on the lower zone by 1 foot of water.

BUOYANCY EFFECTS

The effect of change in buoyant support of the granu-
lar skeleton of the deposits within the depth interval of
water-table change has been described by Lofgren
(1968). The dry unit weight, v 4, of deposits above a
water table can be expressed as

74=1-n)G- 1y,

where n is the mean porosity, G is the mean specific
gravity of the mineral grains, and Yy, is the unit weight
of water. The submerged unit weight of the deposits, 7',
below the water table is expressed as

Y =(1-n)G-1)Y .

Physical tests of cores from the Los Banos-Kettleman
City area indicate that a mean porosity of 0.40 and a
mean specific gravity of the grains of 2.70 is appropriate
for the deposits in the zone of water-table change (John-
son and others, 1968). Substituting in the preceding
equations, the applied stress due to weight of deposits
above the water table equals about 1.6 feet of water per
foot of thickness, and the applied stress due to the
weight of deposits submerged below the water table is
about 1.0 foot of water per foot of thickness. Thus, the
change in applied stress on all underlying deposits re-
sulting from the buoyancy component is +0.6 foot of
water for each foot of water-table decline and —0.6 foot
of water for each foot of water-table rise. This type of
water-level change results in large changes in stress,
per foot of water-table change, above the first aquiclude.
However, the effect of this buoyancy component of
water-table change on stress in the lower zone is to
cancel much of the change in seepage stress induced by
the water-table change.

EFFECT OF SPECIFIC RETENTION
IN THE UNSATURATED ZONE

The effects of the two results of water-table change
discussed earlier pertain to seepage and buoyancy proc-
esses. A stress component caused by a third process also
is used in this paper for computations of applied stress
in areas of water-table change.

The weight of the water contained in the deposits
above the water table is part of the applied stress tend-
ing to compact the underlying saturated deposits. If the
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additional weight of this water is not considered, the net
computed stress change on the lower zone due to water-
table change will be twice as large as it should be. The
effect of specific retention on applied stress is discussed
in detail because it pertains to a process of stress change
that is different from those of the other two stress com-
ponents.

Change from a saturated to an unsaturated condition
causes the stress condition of the retained water to be
changed from a neutral to an applied stress. Where the
contained water is supported by underlying pore water,
it represents a neutral stress. If the water table should
decline, not all the water will drain from the deposits.
The weight of the water retained represents a change
from a neutral stress to a stress that is applied to all the
underlying deposits. Conversely, under conditions of
water-table rise, the weight of water that was partofthe
applied stress becomes a neutral stress.

The amount of water retained in the deposits above
the water table varies with clay content. Nearly all the
water-table deposits are Diablo! alluvial fans. Large
differences in clay content commonly occur in adjacent
beds. Clay content (Johnson and others, 1968) in most
sand beds ranges from 5 to 20 percent, but the finer
grained beds usually contain 30-50 percent clay. Data
on specific yield and specific retention for various ma-
terials (Johnson, 1967) suggest that a mean specific
retention of 20 percent (by volume) is a reasonable ap-
proximation for the alluvial-fan deposits.

Therefore, for purposes of computing the change in
applied stress resulting from the water of specific reten-
tion, a value of 0.2 of the volume is used. (This repre-
sents a moisture content of 12.4 percent of the weight of
the solids in deposits assigned a porosity of 0.40 and a
specific gravity of 2.70.) The amount of retained water
will be more than the value used in this report where
the clay content of the deposits exceeds roughly 20 per-
cent and where the moisture content of the deposits
above the water table exceeds specific retention but is
less than saturation.

Use of the assigned value of 0.2 of the volume of the
deposit for the water of specific retention has the follow-
ing effect on the computed applied stress resulting from
water-table change. During a water-table decline, as
each foot of deposits becomes unsaturated, an increase
in applied stress equivalent to 0.2 foot of water will be
applied to all the underlying deposits as half of the
water in material assumed to have a porosity of 0.40 is
transferred from a neutral to an applied-stress condi-
tion. The effect of a water-table rise will be to decrease

Principal source of deposits, where identified, is indicated as Diablo (derived from the
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